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FILM SYNTHESIZED RARE EARTH TRANSITION METAL
PERMANENT MAGNET SYSTEMS

F. J. Cadieu
Physics Department
Queens College of CUNY
Flushing, NY 11367

Statement of Problem
This grant was concerned with the optimization of film growth methods for
synthesizing highly textured rare earth transition metal permanent magnet systems. The
principal results of this research show that highly textured polycrystalline films can be made
by both sputtering and pulsed laser deposition methods. In terms of sputtering the critical
growth parameters that allow arbitrarily thick highly textured films to be made are the
substrate temperature, sputtering gas pressure, and the film deposition rate. It was
demonstrated that the controlled growth of textured high coercivity films by pulsed laser
deposition requires consideration of three additional growth parameters. These include a
filtering method to remove particulates from the pulsed laser generated plume, careful control
of the laser pulse repetition rate, and that the laser energy per pulse must exceed a certain
threshold value to achieve film coercivities comparable to that realized for sputtered films.

Specific results of this research include five unique results.

1. The elucidation of the concept of a growth coherence region as being pivotal for the
growth of textured polycrystalline films. This concept allows the prediction of
what texture modes would be possible for any new system that may be discovered.

2. For the very first time it was demonstrated that pulsed laser deposition can be used
to grow highly textured rare earth transition metal films (demonstrated for SmCos
films) with magnetic properties comparable to the best sputtered films.

3. It was shown that the simultaneous use of sputtering and pulsed laser deposition
methods can be used to grow nanophase dispersed films with special magnetic and
other properties. In this case it was demonstrated that nanophase dispersions of
SmCos with aluminum can be made that are stable for heating in air to 300 °C.

4. A new type of magnetoresistive magnetic memory element operable at room
temperature was demonstrated for specially deposited La-manganite films when
used in conjunction with another magnetic film element.

5. A method was invented whereby particulate free films of a great many substances
can be deposited by pulsed laser deposition. It was demonstrated that highly
adherent and hard diamond like carbon films can be deposited onto even room

temperature substrates by this method.
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B. Summary of the Most Important Results

I Textured Film Growth via Sputtering, Epitaxy, and PLD

As a part of this research program a book chapter titled “Permanent Magnet Films for
Applications” was published in an Academic Press series on Magnetic Films for Applications.[1] Parts
of that book chapter contained information on the growth of textured magnetic films that had not been
previously published. A principal result of that work was the introduction of a growth coherence area
as a useful quantity for elucidating when it may be possible to grow films with a particular texture
orientation. A particular result was that it is only possible with present methods of sputtering to grow
textured films that exhibit a “growth coherence area” of less than ~350 A%, For the Sm,(Co,Fe,Zr,Cu)y;
system an important consequence of this limitation is that it should be possible to grow 2-17
thombohedral phase films with the crystallographic c-axes splayed about in the substrate plane, but not
films that would have the c-axes orientated perpendicular to the substrate plane. Part of these textured
film growth considerations are presented here.

There are two basic methods for preparing crystalline films of permanent magnet materials.
The first and easiest is to first deposit an amorphous deposit which is subsequently crystallized.
Unfortunately the subsequent crystallization of such deposits up to the present time has not been able to
produce films with a substantial degree of preferred crystal texturing. In order to realize a higher
fraction of the theoretically possible energy density it becomes necessary to synthesize permanent
magnet films that exhibit a large degree of preferential or textured crystal growth. Such films have
only been synthesized by directly crystallizing the films onto heated substrates and by making use of
either process control parameters or substrate film epitaxy. Film texturing through sputter process
control will be discussed first. Sputter process control allows the growth of textured films onto
polycrystalline substrates. If suitable boundary adhesion layers are used, highly textured films from
approximately 0.05 pum to greater than 100 pum thickness have been grown by this method.

Textured film growth requires that the energy and momentum of the deposited atoms be

controlled to avoid disrupting the growth of a particular texture mode. In sputtering this is




accomplished by using sufficiently high sputtering gas pressures so that the deposited atoms undergo
collisions before reaching the substrate position. Various thermalization methods employing inert
gases or mixtures such as Ar, Ar-Kr, Ar-Xe, Kr, and Xe have been used to enhance the degree of
preferential texturing that the permanent magnet films exhibit. The high mass Xe atoms are useful in
two respects. One is that Xe closely approximates the mass of the rare earths to provide efficient
momentum transfer per collision. The other is that the lower mass transition metals such as Co and Fe
are on average scattered through large angles by collisions with Xe atoms so that a composition change
from the target to deposited films can be effected. For the sputtering of SmCo based films it was shown
that comparable thermalization profiles for the sputtered atoms arriving at the substrates can be
obtained in 130 mTorr Ar, 60 mTorr Ar50%Xe, and 30 mTorr Xe.[2] Full texturing was not realized
with an Ar sputtering gas until the sputtering gas pressure was increased to 60 mTorr. X-Ray
diffraction traces with logarithmic y-axes showed the complete absence of grains with crystallite c-axes
skewed out of the film plane. For SmCo based films sputtered in Ar50%Xe mixtures and a constant
substrate temperature of 345 °C changing the sputtering gas pressure form 15 to 105 mTorr changed
the Sm at.% in the deposited films from 12 to 17 at.%.[3] For similar SmCo based films sputtered in
60 mTorr Ar50%Xe changing the substrate temperature from 240 to 520 °C reduced the collected film
Sm at.% from 16 to 13 at.%.[3] If the direct growth of crystalline permanent magnet films is
considered, then it is desirable that one or more process control parameters be effective in causing
preferentially textured films to be synthesized. By direct growth is meant that the magnetic material is
to be deposited directly onto a substrate, which can be either polycrystalline or single crystal, which is
held at a sufficiently high temperature so that the magnetic material crystallizes upon deposition.
Several process control parameters can be utilized to produce magnetic films with specifically textured
structures to effect the resultant magnetic properties of the films. These texture control parameters
operate independent of any substrate-film epitaxy considerations. Three principal process control
parameters can be used to synthesize preferentially textured magnetic films.[4] Only one of these

requires that the material being deposited be ferromagnetic at the deposition temperature. The other




two principally affect the relative probability for the growth of crystallites with vaﬁous lattice
parameter considerations. The three principal process considerations are:

(1.) the demagnetization energy required to produce a net magnetization perpendicular to the
film plane versus in the film plane,

(2)) c/aratio effects, and‘

(3.) the crystal structure stacking length perpendicular to the substrate plane.

For texture control 1 to be effective requires that the anisotropy energy per grain volume be
greatgr than kpT at the temperature of interest. This condition is normally well satisfied for Co based
hard magnetic materials, but can only be marginally satisfied for Fe based hard magnets. During the
direct crystallization of films onto heated substrates, certain textures are favored from an initial random
growth pattern. Once some larger seed grains become formed, there is a tendency for these grains to
act as seeds for the subsequent film growth. It has only been possible to deposit relatively thick
permanent magnet films, >1 pm, with magnetic energy densities greater than about 6 MGQOe by
directly crystallizing the rare earth transition metal compounds onto heated substrates. At least one of
the texture controlling switches can then be used to preferentially align the crystallite c-axes and
achieve magnetic energy densities greater than that possible for an isotropic deposit. Techniques such

as selectively thermalized sputtering allow sensitive relative growth probability factors to be

propagated as the film thickness grows.[5-19]
Predominantly factor (1.) allows textured SmCos and SmCo based TbCu7 films to be

synthesized such that the c-axes of all the crystallites are aligned onto the substrate plane. Similarly
factors (2.) and (3.) have allowed ThMnj type films to be synthesized into either a (002) or (222)
textured modes in a controlled fashion. Factor (3.) has also allowed SmCos and SmCo TbCu7 films to
be synthesized into either a (200) or (110) texture modes in a controlled fashion. When textured films
are gtown onto polycrystalline substrates, then the growth of crystallites with certain orientations
becomes dynamically favored due to a certain choice of sputtering parameters. A necessary condition

is that the growth be coherent over a certain minimal surface region to allow the structure to be
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replicated. The usual permanent magnet phases and the crystal structure parameters that influence
texturing are summarized in Table 1. Texture modes indicated by (xy0) have the c-axes aligned onto
the substrate plane. Texture modes (00z) have the c-axes perpendicular to the substrate plane. Lateral
diffusion of the surface atoms due to the heated substrate surface disrupt the growth coherence to limit
the textures that can be grown. The growth region definitions chosen are believed to provide a useful
measure of the relative surface sizes required to grow the different structures. At the present time
textured films have been synthesized which require a surface coherence region of less than about 300
A2, Thus ordered rhombohedral films of the Smy(Co,Fe,Zr,Zr)17 system with c-axes in-plane texture
have been synthesized for the (xy0) mode, but textured films of the 2-17 phase have not been grown
with the (00z) texture.[68] Note that for 2-17 (00z) textured films a surface coherence region during
the growth of 393 A2 would be required. For a given structure textures tend to grow favorably that
require the smaller growth coherence region. Thus for SmCos textured growth with c-axes skewed out
of the film plane is usually observed and such films exhibit perpendicular anisotropy.[64] Other phases
that would require unusually large growth coherence regions, such as the very high coercivity
Sms(Fe,Ti)7, iH, #50 kOe at room temperature, have only been formed by the subsequent

crystallization of amorphous deposits, but not as directly crystallized textured films.[20-22]



Table 1. Hard Magnet System Texture Considerations. An important new concept is the

introduction of a growth coherence area as a requirement for the growth of textured films.

System Structure Minimum Area for Growth

Sms(Fe,T)17 Hexagonal a=20.06 A (00z): 6-a2-sin60° = 2091 A2
c=1228A (xy0): 2+a-c == 493 A2
c/a=10.612

SmCos Hexagonal a=5A (002): 6-a2-sin60° = 130 A2
c=4A (xy0): 2+a-c = 40 A2
c/a=0.38

SmCos Hexagonal a=~5A (00z): 6-a2-sin60° ~ 130 A?
c~24A  c/a=48 (xy0): 2+a-c ~ 240 A2

SmCo based Hexagonal TbCuy (00z): 6-a2-sin60° ~ 130 A2
a=(5-8) A (xy0): 2-a-c ~ 40 A2
c=4A c/a=~08

SmyCo17 Ordered Rhombohedral (00z): 6-a2+sin60° =393 A2

Sm,Fey, a=87A (xy0): 2-a-c =212 A2

c=122A <c/a=140

Sm(Fe,T)17 Tetragonal a=8.50A (00z): 4-a2 =289 A2
c=479A ¢/a=0.56 (xy0): 2-a-c =81 A2

NdpFej4B Tetragonal a=881A (00z): 4-a2 =310 A2
c=122A «c/a=138 (xy0): 2-a-c=215 A2

Textured films have generally been sputter deposited at rates of less than 10 Alsec. To
maintain the growth of a specific texture mode the surface mobility of the atoms over the growth region
must be small. It is argued that at the comparatively low deposition rates, the surface mobility is
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sufficiently high so that there is a maximum growth region size over which structure coherence can be
maintained. It should be noted that the substrate deposition temperatures are well below the melting
points for the phases of interest. Consequently once the surface is covered, the atomic positions are
well fixed. It should be noted that large growth region phases such as the 5-17 and 2-17 phases can be
readily formed by the subsequent crystallization of originally amorphous sputter deposits.[22,23] In
that case there is no heated surface region over which growth coherence needs to be maintained.

If the stacking distance for growth repetition is represented by s and the film growth rate by R
then the time defined by s/R = t defines a characteristic growth time for the film. The number of
growth sites in a region required to define a crystallite is given by A/(mr’) = n where A is the area of the
growth coherence region required to define a crystallite texture. If we let v, be a site hopping speed for
motion in the plane, then the atom positions need be defined to an approximate extent

v <d

- (A/(@D))-vy = (s/R) (Al(nr))-vyu < d

where d is a mean atomic position spacing. This expression agrees with the observations that
is difficult to grow textured films with normal sputtering rates for large coherence regions and large
stacking distances. Whether d or several d should be used to allow for crystallites with defects is a
minor point and shouldn’t change the functional form of the expression. If rates can be substantially
increased, it also gives the expectation that crystallites corresponding to larger spatial regions become a
growth possibility. At higher substrate temperatures v, increases so that higher rates may be required
to maintain the growth of longer stacking sequence textures as has been observed for the growth of the
variable texture ThMn;, type films.

It is most useful to illustrate these considerations with examples for films of a particular
crystallographic type. The most representative permanent magnet film systems are SmCos,
crystallizing in the 1-5 CaCuj structure, and Sm-Co based systems crystallizing into the disordered 1-5

TbCu7 structure. These structures have very similar hexagonal lattice constants with a ~ 5 A andc~4

A. They differ in that the disordered 1-5 structure allows certain pairs of transition metal atoms to

occupy rare earth sites and thus are transition metal rich. This allows the possible magnetization to be
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enhanced due to the higher transition metal content at the expense of magnetic anisotropy. The usual
result of this is that true SmCos structured films exhibit greater intrinsic coercivities than disordered
TbCus-type structure films. As the fraction of transition metal atom pair substitutions is increased,
several distinct transformation related phases can be formed.[24] Ordered phases occur for every third
rare earth atom in the parent CaCu;s-type structure replaced by a transition metal dumbbell pair. For the
light rare earths this results in the 2-17 rhombohedral Th,Zn,;-type structure phase, and for the heavy
rare earths the 2-17 hexagonal Th,Ni,-type structure phase. For every other rare earth atom replaced
by a transition metal dumbbell pair, the 1-12 or ThMn;,-type structure éompounds are formed. The
disordered TbCuy has a higher saturation magnetization because of the higher transition metal
concentration. The transition metal atom dumbbell pairs align parallel to the c-axis which results in a
slight contraction of the @ parameter of the TbCu cell relative to that of the CaCus cell. These Sm-Co
based systems are strong uniaxial permanent magnet systems over the entire temperature range up to
the Curie points. Directly crystallized SmCo based films crystallized into either the CaCus ordered
structure or the TbCus-type disordered structure tend to have the crystallite c-axes randomly splayed
onto the substrate plane. Thermalized sputtering has been used to grow films that essentially have all
the crystallite c-axes aligned onto the film plane. For uniaxial systems a comparison of the magnetic
hysteresis loops measured with the applied field in the film plane versus perpendicular to the film plane
provide a very good indicator of the degree of c-axes in plane alignment. The specific qualitative
indicator is the smallness of the perpendicular to in plane remanent ratio for hysteresis loops measured
perpendicular to and in the film plane. Perpendicular to in plane remanent ratios as small as 0.05 are
relatively easier to produce for CaCus-type structure films that exhibit higher magnetocrystalline
anisotropy and higher intrinsic coercivities than for TbCus-type structure films. The c¢/a ratios for both
of these structures are very close to 0.8. This value of ¢/a ratio does not differ from unity by a
substantial amount to be operative as a texture control factor relative to the demagnetization energy.
For the Sm-Co system each of the compounds; ordered phase SmCos, disordered transition metal
substituted TbCuy phase, and ordered Sm,Co,; phases are uniaxial. The magnetic behaviors are similar

but with a reduced anisotropy from the extremely high H, for SmCos of 500 kOe, to a relatively low
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value for SmyCoy;. The Curie point for SmCos is very high at about 700 °C with somewhat higher
temperatures observed for more transition metal rich Sm-Co films. Recently SmCo based TbCus-type
disordered structures have come into prominence as high temperature permanent magnet
materials.[25,26] Table 2 is a summary of room temperature coercivity values obtained for SmCo

based films deposited by different methods.

Table 2. The crystal texturing and room temperature intrinsic coercivities for SmCo based

uniaxial films deposited by different methods are summarized.

Texture H. (kOe) Ref.

SmCo CaCus-type (110) sputter proc. Control up to 23 13
(200) sputter proc. Control upto 12 13
(110) dom. by PLD up to 22.5 27
(110) epitaxial, Cr(100) on MgO(100) | =31 28
(200) epitaxial, Cr(211) on MgO(110) | 10-40, o 1/tto 75A | 28
random, subsequent Cryst. 36 7

Sm(Co,Fe,Cu,Zr) (200), (110) mixed 8-10 29

Sm =at. %, Fe <30 at.% -

TbCu7-type

Sm(Co,Fe,Cu,Zr) (110), (200) mixed 12 30

Sm >17 at.% - CaCus-

type :

Sm(Co,Fe,Cu,Zr) (300) 8, subsequent to 31

Sm =13 at.%, Fe =~ 30 deposition

at.% rhombohedral 2- annealing required

17 type,

1I. Successes in the Growth of Highly Textured Permanent Magnet Films

by Pulsed Laser Deposition

At the beginning of this research effort been reported. Several new considerations and
no films grown by pulsed laser deposition, PLD, growth parameters not encountered in sputtering
with coercivities greater than about 1 kOe had were defined for the first time that allowed the

13




growth of fully textured films of SmCos with
properties similar to the best films grown by

sputtering.

SmCo based films directly crystallized
onto moderately heated polycrystalline substrates
have been synthesized by pulsed laser
deposition, PLD, with room temperature intrinsic
coercivities greater than 20 kOe. The crystallite
c-axes are fully aligned onto the substrate plane.
In a previous paper it was demonstrated for the
first time that moderately high coercive force
SmCo based films could be synthesized by
pulsed laser deposition, PLD.[32] It was shown
that for a laser pulse energy of 600 mJ that the
coercive force was sharply peaked as a function
of pulse repetition rate. A maximum ;H, of 11.3
kOe was attained for pulse rates in the vicinity of
10-15 Hz. For the present study, laser pulse
rates previously shown capable of producing
high coercivity films have been used. In that
case a laser wavelength of 193 nm was used.
The moderately high intrinsic coercivities were
observed only for the shadow deposited regions

of the substrates. Highly c-axes in plane textured

polycrystalline films have usually been made by

14

using sputter process control to grow films with
thicknesses out to at least 120 um.[5,6,8,33]
Such films have the crystallite c-axes nearly
randomly aligned onto the substrate plane.
Buffer layers are necessary to grow relatively
thick films, but in principle arbitrarily thick films
of highly aligned SmCo deposits can be grown
by this method. In contrast to this, highly
aligned thin films with thicknesses of less than
0.1 pm have been grown by using substrate film
epitaxy.[28,34] The thicker films as grown by
sputter process control onto polycrystalline
substrates are generally more suited to device
applications. There have been few other reports
of rare earth transition metal magnetic films as
grown by PLD and mostly confined to
Nd,Fe4B.[35,36] Coercivities have either not
been reported,® or were low at less than 1
kOe.[36]

Although the time averaged deposition
rates of sputter and PLD deposited films are
comparable, material is ejected in PLD only
during a series of pulses of very short time
duration compared to the time between
pulses.[37] This means that the relative mobility
of deposited surface atoms is very much less for

PLD than for sputtering since a complete




monolayer can be deposited per pulse. PLD

deposition from rare earth transition metal
targets presents special problems since the
deposition plume consists of a range of particle
sizes ranging from individual atoms to clusters
and larger sized particulates. The laser beam
often causes surface roughening for metallic
targets that leads to droplet ablation.[38] For the
SmCo targets used in this study a large profusion
of relatively uniform size droplets was observed
in the non-shadowed deposits. A laser
wavelength of 248 nm has been used in this
study which allowed the laser pulse energy to be
increased up to 1250 mJ. For these metallic
targets the laser pulse energy is believed to play
a more dominant role than the laser wavelength
over this range. The high laser pulse energies
used in this study have made the shadow and
non-shadowed regions distinctly different. In
this paper we have investigated the relative
magnetic properties of PLD shadow deposition
versus non-shadow deposition.

Pulsed laser deposition, PLD, utilizing a
Lambda Physik 305Fi excimer laser has been
used to deposit SmCo based films from a set of
Films have been

bulk compound targets.

deposited using wavelengths of 248 nm with
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pulse energies from 500 to 1250 mJ, and 193 nm
with pulse energies of 500-650 mJ, at 5-50 Hz,

with an estimated pulse width of 15 ns. A

shadow mask has been used to shield part of the
substrate during the PLD process. In this
manner the magnetic properties, as well as the
number of particulates reaching the substrate, in
and out of the shadow region could be observed.
Most of the films discussed here have been
grown using a substrate temperature of 375 °C in
100 mTorr argon. In most runs films have been
simultaneously deposited onto alumina and

silicon substrates. Very little difference was

observed in the film magnetic properties for
these different substrate materials. Film
compositions were determined using electron
excited x-ray analysis in a scanning electron
microscope, SEM.  The film composition
measurements were calibrated against known

bulk composition standards. The SmCo films

discussed in this paper contained 20-22 at.% Sm.
Magnetic measurements were made using high
field, £90 kG, and low field, £19 kG, vibrating
All  magnetic

sample magnetometers.

measurements were made on as deposited films

without any subsequent heat treatments.




Figure 1 shows room temperature
hysteresis loops for a SmCo film shadow
deposited from bulk SmCos targets by high pulse
energy PLD using A = 248 nm at pulse energy
1200 mJ with a 14 Hz repetition rate.[27] The
deposit was directly crystallized onto alumina
substrates at 375 °C in 100 mTorr Ar to effect
deposition behind the shadow. In plane
hysteresis loops for measuremeﬁt fields up to
+20 kOe, and +90 kQe are shown. This film was
~1 pm thick. Because of uncertainties in the
exact thickness, the experimental emu value that
depends upon the film thickness as well as the
film area has been given as the ordinate. For
such films the low field measurements yield only
minor loops that are generally offset because the
films exhibit some remanent moment as removed
from the PLD system. For this film the high
field measurements indicated an in plane
intrinsic coercive force of 22.5 kOe. For this
film measurements made perpendicular to the
film plane, as shown for the low field
measurements in Fig. 1 indicated only skewed
with detectable coercivity or

lines no

perpendicular remanence. Films of the type
shown in Fig. 1 have only been synthesized by

using high laser pulse energies over a narrow
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range of laser pulse repetition rates. Previously

it was shown for a laser pulse energy of 600 mJ,

A 193 nm, that the attainable coercivities
exhibited a maximum of 11.3 kOe for a pulse
repetition rate of ~10-15 Hz. The high pulse
energy films have now exhibited twice this
coercivity value. Films directly crystallized onto
alumina and silicon substrates exhibited very
nearly the same magnetic properties when
simultaneously deposited in the same deposition
run. For in-plane hysteresis loops the average

value of M/M; was 0.86 for ten high coercivity

films.
SmCo Direct Crystallization By PLD -- alumina substrate

T=203K

0.5} H =225k0e

30 -20 -10 0 10 20 30

MAGNETIC FIELD (kOe)
Fig. 1. Hysteresis loops as measured at 293 K
are shown for a SmCo shadow deposited
film deposited with a pulse energy of 1200
mJ with a repetition rate of 14 Hz. In plane
loops for magnetizing fields of £20 kOe and
+90 kOe are shown. _ The perpendicular to

the plane loop is closed. This film was PLD




deposited from a SmCos target on to 375 °C
alumina substrate at a pressure of 100

mTorr Ar.

reported, high

As previously

we
coercivity films have only been observed for
shadow deposited films. Figure 2 shows SEM

micrographs for the film of Fig. 1 in and out of

the shadow region. Visually both regions were

mirror-like, but the SEM examination shows the
film structure to be very different. The shadow
region exhibits a very fine grain structure of <0.2
um that is not clearly discemable. In the shadow
region only, polishing marks on the underlying
substrate were replicated. The non-shadowed
deposit shows a mixed deposit consisting of fine
and coarse grain sizes. Non-shadowed regions
of films made at these high laser pulse energies

consisted of a relatively uniform mixture of fine

and coarse grained material.

Fig. 2. SEM micrographs are shown for shadow deposit (left) and non-shadow deposit (right) regions
for a CaCus-type structure film deposited with 1200 mJ pulses and a pulse rate of 16 Hz.
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250

NoShadow R - magnetic properties. But this was not the case.

” - . - The observed non-shadow region hysteresis

g * loops were composite loops indicative of non-
o coupled fine and coarse grain regions as seen in
50 MWWJM‘MW MMW WIWWMMM#MWW ' the non-shadow region SEM micrograph. The

%5 % 3 40 % 50 55 observed non-shadow hysteresis loops were

26 Cu Kae
Fig. 3. An x-ray diffraction trace for the non- constricted near the origin. It should be noted

shadow region of the film of Fig. 1 is shown  that shadowed regions of the same substrate

which indicates (110) and (111) texturing. a5 hioh coercivities and single phase type
X-Ray indexed as CaCus-type structure :

Slm hysteresis loops. Thus contamination did not

Both shadow and non-shadow regions of cause the loop constriction for the non-shadow

e regions.
the same substrate showed similar x-ray g

diffraction pattems with the CaCustype (110) It was possible to grow similarly highly

and (200) reflections dominant. Films made at ~ 'twred SmCos films by PLD onto silicon

high laser pulse energies did not give any substrates. Hysteresis loops for a SmCos film

indication of crystallites with c-axes skewed out directly crystallized onto 2 silicon substrate

of the film plane. The shadow region of such heated to 375 °C in Fig. 4. Figure 5 shows an x-

films exhibited high coercivities of 20 kOe, and ™2 trace for the silicon substrate film of Fig. 4

closed perpendicular to the film plane hysteresis showed that all c-axes are aligned onto the

loops. Figure 3 shows an x-ray diffractometer substrate plane.
trace of the non-shadowed region of Fig. 2. The
film in the non-shadow region was ~3 um thick.
The larger grained particulates still were c-axes
in plane aligned as for the fine grained matrix
observed in the shadow region. Judging from

the x-ray alone there was the expectation that the

non-shadowed deposit should exhibit reasonable
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Fig. 4. Hysteresis loops are shown for SmCos
film deposited by PLD directly onto a
silicon substrate heated to 375 °C.,
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Fig. 5. An x-ray diffraction trace, Cu Ko
radiation, is shown for the SmCos; film of
Fig. 4 that was directly crystallized by PLD

onto a silicon substrate.

Figure 6 shows the room temperature ;H,

versus the laser pulse rate for films made with A

= 193 nm with pulse energies of 500-650 mlJ,
and for films made with A = 248 nm with pulse

energies of 1000-1250 m]J. At lower
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temperatures the coercivities increased, as

expected, as indicated by the values measured at
140 K. It was necessary to use the higher laser
pulse energies, which are only available with A =
248 nm, to achieve the higher coercivity values.
The laser pulse energy was more crucial than any
difference in laser interaction due to the
difference in laser wavelength. This was shown
by the fact that the region of maximum
coercivity was the same as a function of pulse

rate for the two wavelengths.
25
A

20

| A
o |
o

H_(kOe) st 295K
S

Sub. Temp. =375 °C

P (Ar) = 100 mTorr

o T~ 5

0 10 20 30 40 50 60
Laser Pulse Rate (Hz)

Fig. 6. The intrinsic coercivity is shown for a
series of SmCo films shadow deposited by
PLD onto alumina substrates held at 375 °C
in 100 mTorr Ar. All points were measured
at 295 K except for those indicated by A,
which were measured at 140 K. The points
indicated by O were deposited with A = 193
nm with pulse energies of 500-650 mJ. The
points indicated by [l were deposited with A
= 248 nm with pulse energies of 1000-1250
m].[27]




The coarse grains of the non-shadow
deposits were too large to exchange spring
couple so that composite loops were observed.
For the shadow regions, the observed high M/M;
~0.86 values indicated that the grains were
exchange coupled. The expected ratio for
independent uniaxial grains with c-axes in-plane
alignment is 2/z = 0.64.[5] Pulsed laser ablation
from the SmCos targets inherently resulted in
atomic as well as larger particulates being
ejected from the target. The high laser pulse
energies used in this study aided in making the

shadow and non-shadowed regions distinctly
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different. Shadowing was thus required to obtain
uniformly fine grained deposits capable of
yielding high coercivities. This conclusion is
fully supported by the results of this paper. The
high laser pulse energies have also resulted in the
deposition of CaCus-type films such that the
crystallite c-axes are fully aligned onto the film
plane. Uniform fine grained shadow region
deposits have been synthesized with intrinsic

coercivities of greater than 20 kOe at room

temperature.



III. Enhanced Magnetic Properties of SmCos Nanophase Composites Made By
Simultaneous Pulsed Laser Deposition and Sputtering

Nanophase dispersions of SmCos in
either an Al or Co matrix have been synthesized
by using pulsed laser deposition, PLD, to deposit
the SmCo while
simultaneously sputtering either Al or Co.
Shadow deposistion as shown in Fig. 2 was

aggregated  grains

necessary to obtain particulate free high
coercivity films.[32] It was also necessary to use
high laser pulse energies and a very narrow pulse
repetition rate to maximum the magnetic
properties of single component SmCos films,
Fig. 6.[27] For the composites, smooth single
phase type hysteresis loops were measured for
both types of dispersed systems. This is
illustrated in Figs. 7-9. SmCos plus Al
dispersions were made that exhibited room
temperature coercivities of 15 kOe with ~5 at.%
Al and decreased to 5.7 kOe with 21 at.% Al
The SmCos plus Al dispersions were only
marginally affected by heating in air for 30
minutes to 300 °C, Fig. 10. It was possible to
make SmCos plus Co films with loop squareness
of ~0.83 and with room temperature coercivity ~

10 kOe by using a Co matrix.
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Fig. 7. Room temperature hysteresis loops are
shown for a PLD SmCos plus Al sputter
film containing Sm 15.8 at.%, Co 74.5
at.%, and Al 9.7 at.%. The intrinsic

coercivity was 9.9 kOe.[39]
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Fig. 8. Room temperature hysteresis loops are
shown for a high coercivity PLD SmCos
sample plus simultaneous Co sputter
deposition. The RT in plane intrinsic
coercivity was 9.5 kOe.[39]
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Fig. 9. Room temperature hysteresis loops are
shown for a lower coercivity PLD
SmCos sample plus simultaneous Co
sputter deposition. The RT in plane
intrinsic coercivity was 3.4 kOe.[39]
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10. The intrinsic coercivities measured at
room temperature following heating for
30 minutes in air at various temperatures
are shown for PLD SmCo plus Al films,
diamonds, PLD SmCo plus Co, crosses,
and PLD SmCos only films, circles.[39]

Fig.

A key feature of PLD is that it 1s a
pulsed technique so that material is ablated from
the targets during the laser pulse duration, ~15
ns, which is short compared to the transit time of
the ejected plume to the substrate.[37] A key
feature of Ref.s 27,32, was that a specific laser
pulse rate was required to allow sufficient
surface mobility so that high coercivities could
be obtained. The deposited material is thus
aggregated into grains of a sufficiently small size
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to exhibit high coercivities during the time
between laser pulses. Shadow deposition was
necessary to produce fully textured films with
uniformly small grain sizes.
Figure 10 illustrates
resistance of PLD SmCos nanodispersions in an
Al or Co matrix and of PLD SmCo only
films.[39] The samples with, =5 at.% Al, and
without the Al matrix exhibited as deposited ;H,
of 15 kQOe. The coercivity of the nanodispersed
samples in Al remained largely unchanged after

the corrosion

heating in air for 30 minutes at 300 °C. In
contrast to this, the coercivities of the PLD
SmCos films, were rapidly deteriorated by
heating in air to only 100 °C. Typically thin
sputtered SmCos films are readily deteriorated
by even very short time heating in air at
relatively low temperatures. In contrast to the
SmCo/Al dispersions, the initial coercivity of the
Co sample, 84 at.% Co, was 10.3 kOe versus 15
kOe for the PLD SmCos film. The PLD SmCos
dispersions with Co started to loose intrinsic
coercivity following heating in air for 30 minutes
to 200 °C.




IV. Advances in Magnetoresistive Magnetic
Memory Structures

Although Lay;S1o;Mn0O; bulk samples
exhibit a ferromagnetic Curie point of 364
K,[40,41] the narrowness of the transition region
as a function of temperature, and the high multi-
Tesla magnetic field wvalues required for
saturating the magnetoresistance have precluded
bulk applications. Over the last several years a
number of groups have reported on transport
properties for polycrystalline films.  Such
samples have been reported to exhibit a
broadened resistance maximum as a function of
temperature, Tp, at  temperatures of
approximately 200 to 250 K.[42-45] A key
feature of the polycrystalline films was that the
magnetoresistive response exhibited an enhanced
. low field as well as the normal high field
magnetoresistivity. The magnetic properties of
such polycrystalline films still exhibited bulk
like behavior. In previous studies it was shown
that films which exhibited a resistance maximum
at 230 K, and low field MR response extending
to above room temperature, still exhibited
ferromagnetic hysteresis loops at  room
temperature with the actual ferromagnetic Curie
temperature comparable to that of bulk
Lao7S1e3Mn0;.[46] This is consistent with the
polycrystalline films being comprised of grains
exhibiting nearly bulk type magnetic behavior,
and disordered grain boundary regions that
strongly affect the film transport pfoperties.
Single crystal LaSrMnO films have been shown
to exhibit anisotropic low field MR with the

[001} and [110] directions respectively the easy
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and hard  directions.[47] Although
Lay;SrosMnO; crystallizes in SG 167 with a =
5.506 and c 13356 A [48] the simpler
pseudocubic indexing with a = 3.87 A has been
used in this paper as was used in several recent
papers.[47,49]

In this research we reported two new

significant results that made it possible to
construct a new type memory element using La-
manganite films at room temperature. One was
the synthesis of textured polycrystalline La,Sr-
manganite films by high laser pulse energy,
pulsed laser deposition, PLD. A key attribute of
these films is that it has been possible to raise the
temperature of the resistance maximum, Tp, to
room temperature and above as a function of the
laser pulse energy and deposition conditions.
Films with room temperature Tr values were
synthesized that exhibited either (110) or mixed
(111) crystallite textures. The second result was
that the low field MR of such polycrystalline
film strips were highly anisotropic with respect
to the current direction in the plane of the films
and with respect to in plane versus out of plane
magnetic fields.

Pulsed laser deposition, PLD, utilizing a
Lambda Physik 305Fi excimer laser was used to
deposit La-manganite films from a set of bulk
compound targets. The films were deposited
using a wavelength of 248 nm, with pulse
energies from 500 to 1300 mJ, and by using a
wavelength of 193 nm with laser pulse energies
up to 600 mJ. Laser pulse rates from 5.to 50 Hz
have been used. The estimated laser pulse width
was 15 ns. A shadow mask has been used to

shield part of the substrate during the PLD



process. In this manner, film regions of the same
substrate deposited in and out of the shadow
were studied. In these studies polished
polycrystalline alumina substrates were used. In
previous studies using 193 nm laser pulses at
pulse energies of 500 mJ simi]ar resistance
versus temperature film response was observed
for LaSrMnO films made onto polycrystalline
alumina and c-plane sapphire substrates.[46]
The films discussed here were deposited using a
substrate temperature of 700-750 °C m 100
mTorr of flowing oxygen. The films were
subsequently annealed in-situ in 200 Torr
oxygen at the deposition temperature. Film
thicknesses, grain sizes, and the presence of
particulates has been studied using a scanning
electron microscope, SEM. Film compositions
were determined by electron excited x-ray
spectroscopy in the SEM. The PLD target
compositions were adjusted so that the shadow
deposited films had the LaosSro;MnO;
composition. Magnetization measurements were
made using a vibrating sample magnetometer.
Magnetoresistive measurements were made
using a Hall probe for field determination to
eliminate any hysteresis in the magnet system
from shifting the zero applied magnetic field
values. Certain LaSrMnO films were patterned
by dry plasma etching.[50]

Resistances, normalized to the maximum
value, versus temperature are shown in Fig. 11
for several high laser pulse energy PLD
deposited LaStMnO films.[51] Traces (c) and
(d) are for shadow and non-shadow regions of
the same substrate respectively.  The shadow

exhibits the resistance

region, trace (c),

maximum at a temperature of 255 K, while for
the non-shadow region, trace (d), the resistance
maximum was at 155 K. This film was made
with laser pulse energy of 1000 mJ, 248 nm, at
30 Hz with a substrate temperature of 750 °C. In
this case there was a typical difference of 100 K
between the temperature of the resistance
maximum for the shadowed versus non-
shadowed film regions. Films made using lower
laser pulse energies of 500-600 mJ did not show
such large differences in behavior between
shadow and non-shadow film regions of the
same susbstrate. Trace (b) exhibiting the broad
resistance maximum at 326 K was for the
shadow region of a similarly deposited film, but
with a laser pulse energy of 1250 mJ at 30 Hz.
Measurements made on this sample three months
apart did not show any differences. Subsequent
to removal from the deposition chamber, this
sample was not heated above 385 K. - Another
initially ~exhibited the
resistance maximum at 360 K. It should be
noted that this is nominally the Curie point of
bulk crystalline samples.”> But upon heating to
406 K, the temperature of the resistance
maximum deceased to 293 K and was

subsequently stable upon recycling at that value.

1.2 S— e e

sample, trace (a),

T (K) at R-max
a - 360
b - 320
c- 25
d - 155

o2 50 1 (;0 15‘30 2(I)0 250 3(;)0 3;0 460 45;0
T
Fig. 11. This figure indicates the range of R vs T
variation for high laser pulse energy
LaSrMnO PLD deposited films. Traces (a),




(b), and (c) are for shadow deposited films
at high laser pulse energies. Trace (d) was
for the non-shadow deposited region of the
same substrate as trace (¢). The
temperatures corresponding to the
maximum resistance for each trace are
indicated.[51]

Figure 12 shows x-ray diffraction traces,
Cu Ka radiation, for the shadow and non-
shadow regions used for Fig. 11, traces (c¢) and
(d). The shadow region of this sample made
with high laser pulse energies was very strongly
(110) textured. The non-shadow region was
~ almost completely (111) textured. In a different
series of films made similarly but at slightly
higher deposition rates the shadow region was
made to be mixed (111) and (110) textured. This
is shown in the upper trace of Fig. 12. The
substrates were polished polycrystalline alumina.
The (110) texture of the shadow deposit
corresponds to an appreciably longer stacking
distance than the (111) texture of the non-
shadow deposit regions. It should be noted that
the growth rate of the non-shadow regions
exceeds that of the shadowed region. This is
consistent with more site relaxation time being
required to facilitate the growth of the (110)
texture mode as has been observed for sputtered
films in other magnetic systems.[1] The Tp
values for similarly prepared films were
maximized for a laser pulse rate of 30 Hz. The
laser pulse rate dependence was not as
pronounced as for coercivity dependence of PLD
SmCo films.[27] No evidence of preferential
crystallite alignment within the plane of the film
was observed. The use of shadow deposited
PLD allowed a uniform and small grain size to
be obtained in the films.
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Fig. 12. X-ray diffraction traces are shown for
the shadow, trace (a), and non-shadow
regions, trace (b), corresponding to traces
(c) and (d) respectively of Fig. 1. The
shadow region trace has been displaced by
500 counts to separate the traces. Trace (c)
is for the shadow region of a (110) and
(111) mixed texture high pulse shadow
deposited textured film. Trace (c) has been
offset by 1500 counts. Peaks due to the
polycrystalline alumina substrate are
denoted by S.[51]

To test whether the films could be
patterned for device applications, the films used
for Fig. 11 traces (a) and (b) were dry etch
patterned to make strips ~100 microns wide by
~1.5 and 2.5 mm length segments.[50] The film
for Fig. 11 trace (b) after patteming exhibited the
resistance maximum at a somewhat reduced
temperature of 250 K. The film for Fig. 11 trace
(a) after pattemning exhibited a smooth resistance
maximum at #292 K which was the same value
as before patteming. The pattemed film
obtained from the Fig. 11(a) sample was deemed
the most suitable for device applications since
the resistance maximum was at nominally room
temperature. This pattemned film with a nominal
resistance of 30 kO per mm length was used in a
bridge circuit with comparable values to obtain
the magnetoresistance data shown in Fig. 13.

The low field magnetoresistive response was




distinctly greater when the applied magnetic
field was directed in plane and parallel to the
sample current than when in plane but
perpendicular the
Demagnetization effects reduced the response for
applied fields perpendicular to the plane to
nearly zero for this applied field range. For these
(110) textured films the easy direction of
magnetizations of the crystallites were randomly
aligned in the film plane and the magnetic hard
axes were perpendicular to the film plane. The
coercivity peaks at 2.6-3.0 mT are as expected.
The arrows on Fig. 13 show that the response
lagged the applied field. A new feature is the
large degree of anisotropy in the low field MR
for magnetic fields applied in plane parallel
versus perpendicular to the sample current for
these (110) textured polycrystalline films. A
bridge output of 100 mV corresponded to a
resistance change AR/R ~2.2 %. No temperature

compensation was used for measurements in the

to sample  current.

vicinity of room temperature. At a nominal bias
field of 3 to 10 mT the in plane parallel to I
sensitivity was 3.5 V/T.

Figure 14 shows the low field MR
response for a mixed (111) and (110) textured
LaSrMnO film corresponding to trace (¢) in Fig.
11 with a Tp value of 269 K. The measurements
were made at 293 K. In this case the response
for low fields applied perpendicular to the plane
was appreciable because many of the crystallite
easy magnetization directions were skewed out
of the film plane. The overall response in terms
of AR/R was reduced, but still exhibited an
enhanced response for fields applied parallel

versus perpendicular to the current direction.
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The magnetoresistance of the textured
films has been shown to be strongly anisotropic
with respect to magnetic fields applied in plane
parallel to the current versus perpendicular to the
current. The (110) textured films exhibited a
greater low field MR than the (111) textured
films, and were immune to perpendicular fields

in the low field region.
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Fig. 13. The low field MR anisotropy for a (110)
textured film is shown versus applied
magnetic fields applied in plane, parallel
and perpendicular to current, and
perpendicular to plane as at measured at 293
K are shown. The curves were hysteretic
with the peaks lagging the applied field
values. A bridge output of 100 mV
corresponds to a resistance change AR/R
~2.2 %.[51]
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Fig. 14. The low field MR anisotropy for a

mixed (111) + (110) textured film is shown
versus applied magnetic fields applied in
plane, parallel and perpendicular to current,
and perpendicular to plane as at measured at
293 K.[51]




A prototype memory element was tested
by placing a small bias magnet parallel to and
above the magnetoresistive film strip to be
electrically isolated from it.[52] Since the bias
field was due to the looping field of the bias
magnet, the direction of the bias field was
opposite to that of the bias magnet itself. An
external sweep magnetic field was then applied
parallel to the strip and magnet. The geometry is
shown by the inset in Fig. 15. As the external
applied magnetic field was swept between plus
and minus field values approaching the intrinsic
coercivity of the bias magnet, the net magnetic
field applied to the strip caused a highly
nonlinear response for the LaSrMnO strip
resistance. The bias magnet was measured to
exhibit an intrinsic coercivity between 61 and 62
mT. The response of such a biased LaSrMnO
film strip as measured at 292 K is shown in Fig.
15. In the figure the applied field has been
cycled between +59 mT three times to
demonstrate the stability of the results. It should
be noted that the response is distinctly different
from the case of a simple bias field that would
simply translate the appropriate curve of Fig. 15
by the bias field value. A distinctive feature as
shown by the arrows is that the maximum for
positive field values occurs while the field is
being reduced from positive values.  For
negative field excursions the maximum bndge
response occurred at zero applied field. The
position of the zero applied field is marked by
the vertical line in Fig. 15. Field excursions to
58 mT parallel versus anti-parallel to the strip
length produced zero applied field voltage levels
separated by 13.2 mV in this case. The initial
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magnetization direction of the bias magnet
establishes which part of the trace represents the
low and high voltage levels at H= 0.

BRIDGE OUTPUT (V)
=

bias magnet
i

film strip I

.07 .08 05 04 03 .02 01 0 0f 02 03 04 05 06 07
Extemal Applied Fle(d (10-1T)

15. The bridge output, cycled three times,
versus applied magnetic field for a
LaSrMnO pattemed film strip biased by a
small bias magnet parallel to the strip is
shown. The inset shows that the film strip
current, bias magnet, and external field are
all aligned parallel to each other. The
vertical line is located at the H = 0 position.
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Fig. 16. The upper graph shows the pulse train
of applied field values used to produce the
zero applied field voltage state values of the
lower panel. The zero applied field voltage
levels differed by 18 mV.[52]




Stable and repeatable voltage level
differences at zero applied field were obtained by
using trailing pulse logic. In this mode of
operation, the bias magnet was reset by a leading
pulse exceeding the coercivity of the bais
magnet, +100 mT here, which was followed by
either a positive or negative applied field pulse
of 60 mT. Representative pulse train values and
the resulting memory state values are shown in
Fig. 16. The value of the memory voltage
following the coupled pulse pairs differed by 18
mV in the specified geometry. The memory
state voltage was either high or low depending
upon whether the trailing pulse had been +60 mT
or —60 mT.

The magnetoresistance of the patterned
(110) textured films has been shown to be
strongly anisotropic with respect to magnet fields
applied in plane parallel to the current versus
perpendicular to the current, and to be immune to
perpendicular fields in the low field region.
Since the patterned LaStMnO strip used in this
bridge exhibited a broad resistance maximum as
a function of temperature at 292 K, temperature
not needed for

The introduction of a

compensation was room

temperature operation.
small interacting bias magnet, and in principle a
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film magnet, oriented parallel to the strip
resulted in a memory structure with separate zero
field voltage levels depending upon whether the
last applied field state had been parallel or anti-
parallel. Stable repeatable memory states have
been obtained by using trailing pulse logic in
which the bias magnet state is reset by the
leading pulse. The zero applied field memory
states of the LaSrMnO biased film strip were
non-volatile and persisted in the absence of any
current flow. Consequently current would only
need to be present during memory state poling.
Thus low duty cycle operation would be
anticipated.

Parts of this work concerning the
deposition of La-manganite materials was
supported by DARPA and the Office of Naval
Research under contract ONR-N00014-96-1-
0767. Support for the film deposition studies
was from U. S. Army Research Office Grant No.
DAAG55-98-1-0172. The La-manganite films
used in the bridge construction were dry etch
patterned by S. J. Pearton and F. Sharifi at the

University of Florida.




V. The Growth of Particulate Free Films by a
Newly Invented Deposition Method Using a Pulsed Laser

We began actively working on Pulsed Laser Deposition, PLD, for depositing high coercivity
permanent magnet films in 1996 when our PLD facility was acquired through a NSF Academic
Infrastructure Grant. Key aspects of this work required the use of shadowed pulsed laser deposition to
restrict deposit to atomic species, and to the requirement of a very specific laser pulse repetition rate. It
was demonstrated that ;H. values of 22 kOe could be achieved for fully crystallographically textured
SmCo films made onto silicon and alumina substrates.[27] In April 2000 we began to acﬁvely work on
inethods to make PLD deposited films that would be free of particulates without the use of shadowing.
On October 4, 2000 an invention disclosure titled “ A Method for Making Films Utilizing A Pulsed
Laser for Ion Injection and Deposition, PLID” was filed with the Research Foundation of CUNY, RF
File No. 274. On January 17, 2001 a provisional patent application was filed by the Research
Foundation of CUNY, Patent Serial Number 60/262051 titled “A Method for Making Films Utilizing a
Pulsed Laser for Ion Injection and Deposition”.[S3] The basic invention uses a high pulse energy
pulsed laser to generate a plume of ions, atom, and larger particulates. A combination of electrostatic
and magnetic fields is then used to steer the high energy ions from this laser generated plume to a
substrate region not in the direct line of sight of the plume. By this method the deposition consists of a
beam of high energy ions that can be painted onto a specific substrate region by modulating the
deflecting fields. Film adhesion of metals and other materials onto even room temperature substrates is
very good. For example, very hard diamond like carbon films have been deposited onto room
temperature glass substrates that are very hard to scratch by normal metal implements. An application

we have been pursuing for these films is as tunneling barriers for magnetic tunnel junctions.

Magnetic tunnel junctions using metal oxide tunnel barriers have been widely investigated
because of the attractive properties of aluminum oxide tunnel junctions.[54] Although aluminum oxide
has many attractive features as a tunneling barrier, the optimum thickness is generally believed to be
approximately 13 A.[55] Typically metallic aluminum is deposited which is then oxidized, often with
the aid of an electrical discharge. The required thinness of the oxide layer, and the necessity of
introducing oxygen and subsequently removing it for the deposition of the top magnetic electrode,
make it difficult to routinely manufacture oxide magnetic tunnel junctions. Other oxides such as Ta;Os
have been tested as tunnel barriers with lower values of AR/R reported than for Al O; barriers.[56,57]
The semiconductor ZnS has also been reported to be usable but with AR/R only about 10 % at room
temperature.[58] We have devised a method whereby thin particulate free diamond like carbon films
can be made with good adhesion onto even room temperature substrates. The method employs a
filtered ionized carbon beam created by the vacuum impact of a high energy, approximately 1 J per
pulse, 248 nm excimer laser onto a carbon target.[53] The resultant deposition beam can be steered
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and deflected by magnetic and electric fields to paint a specific substrate area. An important aspect of
this deposition method is that the resultant films are particulate free and formed only as the result of
atomic species impact. The carbon films exhibited the high hardness characteristic of diamond like
carbon, DLC, films. Preliminary attempts have been made to use these particulate free DLC films for
fabricating magnetic tunnel junctions. '

Magnetic tunnel junctions have been formed by first using a metal contact mask to DC sputter
deposit Cu and then Co strips 0.5 mm wide by 50 mm long onto polished alumina substrates. The Co
was sputtered at a pressure of 5 mTorr Ar with a substrate temperature of 150 °C. The substrates were
then transferred to a special pulsed laser deposition system in which magnetic and electrostatic
deflection was used to vacuum deposit an ionized beam of carbon over the center part of the Co strip.
Strong film adhesion was achieved due to the high ion kinetic energy of the carbon beam. The carbon
film formed from the ionized carbon beam was particulate free and smooth. The carbon film thickness
was tapered from one end to the other. Then seven equally spaced 0.5 mm wide permalloy, 81 at.% Ni
19 at.% Fe, cross strips were sputter deposited across the carbon strip. The permalloy stripe was then
overlayed with Cu. At the cross strip intersections Cu-Co-DLC-PM-Cu magnetic tunnel junctions are
then formed. |

DLC films have been carbon ion deposited in vacuum onto various substrates including glass,
silicon, and alumina. Even films deposited onto room temperature glass substrates exhibit strong
adhesion and such films are difficult to scratch using normal metal tips.  Figure 1 shows the optical
constants for some DLC that were carbon ion deposited onto silicon substrates. The film hardness can
be estimated by comparing the optical data for the laser generated ion beam films with the properties of
DLC films deposited by filtered cathodic arc onto silicon substrates. The comparison of optical data of
laser generated ion beam, LADLC, samples with cathodic arc, CADLC, shows that they are similar to
“softer” CADLC labeled as “c-a_sft” in Fig. 17. The “softer “ CADLC films have hardness of about
40-45 GPa and film stress about 4 — 5GPa. From the optical measurements the thickness of the
LADLC deposited on silicon were determined to be: sample 051501 103+10 A, sample 051701 176+10
A. An a-Si boundary layer of 6-7 A was also indicated to be present at the Si-LADLC interface. These
measurements were made courtesy of Veeco Scientific Instruments, Plainview, NY Scanning electron
microscope examination of metallic films made by this laser induced ion beam method showed them to

be particulate free. This is in decided contrast to films made by direct pulsed laser deposition that

exhibit a high particulate density.
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Fig. 17. Optical constants versus wavelength are shown for two laser carbon ion deposited films on
silicon substrates, samples 051501 and 051701, along with a calibration film deposited by filtered
cathodic arc deposition, a-sft.
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